The calcium ionophore A23187 promotes histamine synthesis in murine bone marrow cells by increasing the expression of mRNA encoding histidine decarboxylase (HDC), the histamine-forming enzyme. The cells responsible for this biological activity copurify with hematopoietic progenitors in terms of density, light scatter characteristics, and rhodamine retention, similar to interleukin (IL) 3-induced histamine-producing cells. Yet, the effect of calcium ionophore is not mediated by IL-3. The most purified rhodamine-bright bone marrow subset contains 80% cells that respond to calcium ionophore by increased HDC mRNA expression. This high frequency makes the involvement of one particular progenitor subset N ADDITION TO its central role during immediate hy-I persensitivity, histamine has been implicated by several investigators as a mediator of cell growth and/or differentiation. This notion originated from studies by Kahlson and Rosengren,' showing that regeneration of injured tissues is concomitant with increased histamine synthesis. It derived further support from the observation that exogenous histamine triggers pluripotent stem into cycle and that myeloblasts differentiate in vitro into myelocytes and metamyelocytes in response to this amine.5 More recently, the demonstration of a new intracellular histamine receptor and the inhibition of cell proliferation by its specific antagonist have led to the assumption that histamine might act as an intracellular messenger of cell proliferation.6
I persensitivity, histamine has been implicated by several investigators as a mediator of cell growth and/or differentiation. This notion originated from studies by Kahlson and Rosengren,' showing that regeneration of injured tissues is concomitant with increased histamine synthesis. It derived further support from the observation that exogenous histamine triggers pluripotent stem into cycle and that myeloblasts differentiate in vitro into myelocytes and metamyelocytes in response to this amine. 5 More recently, the demonstration of a new intracellular histamine receptor and the inhibition of cell proliferation by its specific antagonist have led to the assumption that histamine might act as an intracellular messenger of cell proliferation. 6 Our own evidence for the generation of large amounts of histamine in the hematopoietic environment in response to interleukin (1L)-3 or granulocyte-macrophage colony-stimulating factor (GM-CSF), both in ~i t r o~.~ and in is consistent with the physiological relevance of these observations. We have also established that endogenous histamine production is requisite for the colony-forming unit-spleen (CFU-S) cell cycling promoted by IL-3 or by GM-CSF in combination with IL-l.'2.'3 It is important to note that the histamine secreted in response to the growth factors results entirely from increased de novo synthesis of histidine decarboxylase (HDC) and not from degranulation of stored histamine.I4 Knowing that mast cells or basophils, as well as other end cells of the bone marrow do not produce histamine in response to IL-3 or GM-CSF,I5 it could thus be hypothesized that histamine synthesis was associated with IL-3-induced cell proliferation andor differentiation in various hematopoietic progenitors.
In accordance with this idea, we show in the present study that the calcium ionophore A23 187 can pmmote increased HDC mRNA expression in almost all low-density bone marrow cells with high Rh retention, despite the heterogeneity of this population, which comprises a variety of progenitors with paaially lineage-restricted potential. In the same line of evidence, we demonstrate that several E-3-dependent cell lines express this biological activity in response to calcium ionophore.
MATERIALS AND METHODS

Animals, Cytokines, and Reagents
Male or female 6 to 8-week old C57BJJ6 mice were obtained from the Centre d'Elevage R. Janvier (Le Genest-St Isle, France).
in histamine synthesis unlikely. The finding that all IL-3-dependent cell lines tested so far exhibit increased histamine production and HDC mRNA expression in response to calcium influx lends further support to this notion. Cell lines requiring other growth factors or proliferating spontaneously lack this ability. Finally, it should be noted that IL-3-dependent cell lines do not produce histamine in response to their growth factor. It might, therefore, be suggested that the pathway transducing the signal for increased histamine synthesis after IL-3 receptor binding in normal hematopoietic progenitors is modified in these cell lines.
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Murine recombinant (mr) IL-3 (specific activity: 1 to 2 X lo9 U/ mg, as assessed on the NFS-60 cell line) and mrGM-CSF (1 to 2 X lo7 U/mg, assessed on the DA-3 cell line) were purchased from R & D System (Oxon, Great Britain). The IgG fractions from sheep antisera against IL-3I6 and GM-GSFI7 were used at a dilution of 1/50. In these conditions, they neutralized the effect of optimal doses of IL-3 and GM-CSF, respectively. The calcium ionophore A23187 was purchased from Boehringer (Mannheim, Germany) and used at doses ranging from 0.5 to 5 pmol/L. a-fluoromethylhistidine (a-FMH), a specific inhibitor of HDC" was kindly provided by Dr J. Kollonitch (Merck, Sharp & Dohme, Rahway, NJ).
Cell Lines
The IL-3-dependent cell lines BAFIB03, FDCPl and FDCP2 were maintained in RPMI 1640 (GIBCO Europe, Paisley, Scotland) supplemented with 1% L-glutamine lOOX, 100 IU/mL penicillin, 100 @mL streptomycin (GIBCO), 10% WEHI-3-conditioned medium and 10% heat-inactivated horse serum (HS; HyClone, Logan, UT). For maintenance of Ea3 cells, horse serum was replaced by 10% heat-inactivated fetal calf serum (FCS; Biological Industries, Kibbutz Beth Haemek, Israel). The IL-6-dependent cell line 7TD1, as well as the IL-2-dependent cell line CTLL-2, were cultured in complete RPMI 1640 medium supplemented with 10% FCS, 5 X m o m P-mercaptoethanol and optimal doses of mrIL-6 and 10% Con A-conditioned medium from rat spleen cells, respectively. The WEHI-3 cell line was maintained in the same medium without cytokines. Before use, all cell lines were washed three times in complete culture medium, adjusted to a final concentration of 0.5 X lo6 cells/mL, and incubated in the presence of cytokines or A23187 for 4 to 24 hours.
DY ET AL
Cell Preparations
Spleen cell suspensions were obtained by disruption with forceps. Mesenteric, inguinal, and axillary lymph nodes were removed and disrupted in a Potter-Elvehjem homogenizer. Bone marrow cells were collected by flushing tibias and femurs with ice-cold Hanks' Balanced Salt Solution (GIBCO). After centrifugation, cells were suspended in Modified Essential Medium with Earle's salts (MEM), supplemented with 1% L-glutamine IOOX, 1% sodium pyruvate IOOX, 1% nonessential amino acids IOOX, 100 IU/mL penicillin, 100 pg/mL streptomycin (all from GIBCO), and 10% HS. In some experiments, cells were cultured in S-MEM (Spinner culture) without calcium (GIBCO). Incubations were performed at a concentration of IO6 cells/mL at 37°C in 5% COz. Progenitor-enriched bone marrow cells were obtained by fractionation on a discontinuous Ficoll gradient as previously de~cribed.~ Briefly, the gradient was prepared from Ficoll400 (Pharmacia Fine Chemicals, Uppsala, Sweden) at concentrations of 10, 14.6, 16.1, 17.7, 19.2, and 23% in 0.1 m o m sodium phosphate (pH 7.4). A total of 1 to 2 mL of bone marrow cell suspension from five mice were layered on top of the gradient (1.2 mLflayer) and centrifuged for 30 minutes at 23,500g at 4°C. Layer 0 was defined as the interphase between culture medium and the less dense layer, and subsequent interphases were numbered sequentially. Cells located in layer 2 to 4 were then collected, washed, and adjusted to a final concentration of 0.5 x 10' cells/mL in the culture medium described earlier.
Sorting of Bone Marrow Cells
A total of 2 X IO6 low density cells per mL were incubated for 45 minutes at 37°C in MEM containing 0.1 pg/mL rhodamine-123 (Eastman Kodak, Rochester, NY), as previously reported." The excess internalized Rh was removed by incubating the cells further for 30 minutes in MEM at 37°C. Following two washings in MEM, the cells were resuspended at a concentration of 1 to 2 X 107/mL in phosphate-buffered saline (PBS) containing 2% FCS. They were then analyzed and sorted with a 2-laser flow cytometer Epics Elite (Coultronics, Margency, France), according to their light scatter properties and fluorescence intensity. The flow rate was 2,000 cells per second. The preselected sorting area contained the majority of immature cells (blast cell window: about 60% of low-density cells). The Rh-bright and Rh-dull fractions comprised respectively 10% of the most and 10% of the less fluorescent cells of the blast cell window. The purity of the sorted cells was controlled by reanalysis of the samples and attained more than 95%.
Histamine and HDC Assays
Histamine concentrations in cell supematants were currently determined by an automated continuous flow fluorometric technique (lower limit of sensitivity: 0.5 ng/mL) as previously described. 20 Its specificity has been confirmed by the use of other assays, such as the classical bioassay and the radioimmunoassay (Immunotech, Marseille, France). We have also verified that Rh-123 did not interfere with the assay by comparing the histamine production of lowdensity cells before and after staining with the fluorescent dye.
HDC activity was measured by a radiochromatographic assay, as described before.9 Briefly, cell pellets were resuspended in 50 mmoY L ice-cold phosphate buffer (pH 7.4) and gently sonicated. 
Hybridization Probes
The murine HDC probe used for Northern blot analysis and in situ hybridization was kindly provided by Dr A. Ichikawa (Kyoto University, Kyoto, Japan)." A 523-bp fragment was subcloned into a PGEM-4 plasmid (Promega Biotec, Madison, WI). The murine 0-actin probe (a generous gift from Dr F. Dautry, Villejuif, France), subcloned into a Bluescript transcription vector served as positive control.
Northern Blot Analysis
Total RNA was isolated by a guanidine isothiocyanate procedure, followed by cesium chloride centrifugation. A total of 5 pg of total RNA were electrophoresed in a 1% agarose-formaldehyde gel, transferred to a nylon membrane, and baked for 2 hours at 80°C. HDC and 0-actin probes were labeled with [ "PI dCTP by random priming, according to the manufacturer's instructions (Megaprime DNA labeling system, Amersham, Great Britain). Filters were prehybridized for 18 hours in hybridization buffer (HBN: 50% deionized formamide, 5X SSC ( I X SSC = 150 mmoVL NaCI, 15 mmollL Na citrate, pH 7), 5X Denhardt's, 0.1% sodium dodecyl sulfate (SDS), 125 pg/mL DNA SS) at 42°C and then hybridized in the same conditions for further 18 hours with the radiolabeled probe (10' c p d mL). Filters were washed once with I X SSC, 0.1% SDS for 30 minutes at room temperature and twice at 68°C in 0.1 X SSC, 0.1% SDS. Autoradiography was then performed for 72 hours at -80°C. The amount of RNA loaded per lane was verified by rehybridizing the same filters with a 0-actin probe.
In Situ Hybridization
Hybridization was performed as previously described.'' In brief, different cell populations incubated 4 hours or 24 hours in culture medium alone or together with IL-3 or A23187 were cytocentrifuged, fixed in 4% paraformaldehydePBS, and kept in 70% ethanol until use. The slides were then postfixed in 2% paraformaldehyde/ I % glutaraldehydePBS for 5 minutes, washed in PBS, acetylated by 0.25% acetic anhydride in 0.1 mom triethanolamine buffer (pH 8) for 10 minutes, washed in PBS, dehydrated in ethanol, and air dried. Negative controls were prepared by treating some slides with RNAse A (200 pg/mL) and RNAse TI (12.5 U/mL) (Boehringer) in 2 x SSC. RNA probes with a specific activity of lo' c p d p g were prepared according to Lawrence and Singe?' and Cox et as previously reported." Their fragment length was adjusted to a mass average of approximately 100 to 150 bases by limited alkaline hydrolysis. RNA probes were ethanol-precipitated with yeast tRNA and SS DNA and washed with 70% ethanol. The dried pellets were resuspended in the hybridization buffer to give final concentrations of 50% deionized formamide, 0.3 molL NaC1, 20 mmol/L Tris-HCI (pH 8), 5.5 mmoVL EDTA, I X Denhardt's, 10% dextran sulfate, 20 mmol/L dithiothreitol (D'IT), 250 pg/mL yeast tRNA, 12.5 pg/ mL SS DNA, and IO6 c p d 3 0 pL of the RNA probe. The hybridization mixture was denaturated, applied to slides, and covered with parafilm. Hybridization was performed at 50°C for 18 hours in a humidified chamber. The subsequent washing procedures were all performed in the presence of IO mmoYL DTT at 52°C as reported before.I5 For autoradiography, the slides were dried and coated with NTB2 emulsion (Eastman Kodak). After 3 weeks of exposure, the slides were developed in Dektol (Eastman Kodak), fixed in Unifix (Eastman Kodak), and stained with May-Griinwald Giemsa.
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The specificity of hybridization was assessed by the sense HDC mRNA probe, as well as ribonuclease treatment of some cell preparations. In both cases, there was no significant labeling. Background signal was estimated to be less than 20 silver grains per cell. The integrity of the mRNA was verified by a positive control, performed with a P-actin probe.
Reverse Transcriptase-Polymerase Chain Reaction Analysis
Total RNA was extracted by a modified method of Chomczynski and S a~c h i ,~~ using TRIzol Reagent (Life Technologies, Gaithersburg, MD) according to the manufacturer's instructions. The primers specific for HDC and /32microglobulin synthesized by Bioprobe 
RESULTS
Comparison Between the Effect of Calcium tonophore and 1L-3 on Histamine Synthesis by Bone Marrow Cells
As shown in Fig 1, the calcium ionophore A23187 increased histamine production by unfractionated bone marrow cells with a maximal effect at doses ranging from l to 10 pmol/L. The histamine levels generated in these conditions within 24 hours were identical to those induced by IL-3. They were attained by different kinetics illustrated in Fig 2, with a more rapid and transient effect of A23187, resulting . A23 187 and IL-3 did not synergize in terms of histamine production, and their combined effect was only partially additive (data not shown). The increase in extracellular histamine levels promoted by both IL-3 and A23187 was totally abrogated by a-FMH, a suicide substrate of the histamine-forming enzyme HDC (Fig 3A) , ruling out the involvement of mast cell or basophil degranulation in this process. This observation was confirmed by enzymatic assays in cell lysates, which established a striking enhancement of HDC activity after stimulation by IL-3 or calcium ionophore (Fig 3B) . In agreement with the kinetics of histamine production, increased HDC mRNA expression was easily detected after a 4-hour stimulation of bone marrow cells with A23187 (Fig 4) . IL-3 required 12 to 18 hours to exert a similar effect, as reported b e f~r e . '~ Although induction of HDC mRNA occurred earlier in response to calcium ionophore than in response to IL-3, we verified whether it involved the growth factor. As shown in Fig 5, histamine production in response to A23187 was not significantly diminished when bone marrow cells were preincubated with antibodies directed against IL-3 and GM-CSF (another inducer of histamine synthesis') at concentrations that completely neutralized their respective antigens. Conversely, calcium deprivation diminished spontaneous, as well as IL-3 -induced, histamine production by bone marrow cells 
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Fig 3. A23187-or IL-3-induced increase in histamine synthesis by total bone marrow cells. (A) Inhibition of 11-3-or A23187-induced histamine production by a-FMH (mean values f SEM from three experiments). (B)
Effect of IL-3 or A23187 on HDC activity measured in cell lysates after a 24-hour incubation (typical experiment). (Fig 6) , but did not significantly change the fold increase relative to background values. A similarly decreased biological activity occurred in normal culture medium when calcium channels were blocked by verapamil (data not shown), which confirms that the effect of IL-3 on histamine synthesis is only partially calcium-dependent.
Characterization qf A231 87-Induced Histamine-Producing Cells
Apart from bone marrow cells, only splenocytes responded consistently to calcium ionophore in terms of histamine production. In accordance with the lower incidence of progenitors in this hematopoietic population, they were low producers (7.9 ? 3.0 and 1.5 ? 0.4 ng of histamine per IO6 splenocytes, respectively, after a 24-hour incubation with or without calcium ionophore, as compared with 116 ? 21.0 and 8.5 ? 1.1 ng of histamine per 10' bone marrow cells in the same conditions). Cells from lymphoid organs, such as lymph nodes and thymus, did not secrete histamine, whatever the concentrations of calcium ionophore or IL-3. As illustrated in Fig 7, histamine production was 5-fold increased when cells from the low-density layers 2 to 4 of the discontinuous Ficoll gradient (5% to 10% of the starting population) were stimulated with A23 187 instead of total bone marrow cells. These cells coenriched with hematopoietic progenitors, such as CFU-S day-8, CFU-C, and mast To evaluate the proportion of cells actually expressing HDC mRNA at a given time point, we performed in situ hybridization on low-density bone marrow cells stimulated for 4 hours with IL-3 or calcium ionophore, relative to medium controls. In these conditions, 4.8% ? 0.8% and 8.8% ? 2. I % cells were labeled in response to IL-3 and A23 187, respectively, relative to 1.87% t 0.1 % in medium controls (means ? SEM from three separate experiments). This difference in the proportion of cells, labeled by the HDC probe For personal use only. on October 27, 2017. by guest www.bloodjournal.org after a short exposure to A23187 or IL-3, persisted when the low-density bone marrow population was further enriched for histamine-producing cells as previously described.'' Indeed, 60% to 80% of the most purified Rh-bright subset sorted inside the blast window (around 0.25% of the starting population) expressed HDC mRNA after a 2-hour stimulation with calcium ionophore, whereas in the same conditions, IL-3 induced only 30% to 40% positive cells (Fig 8) . We have previously reported that this population is largely depleted for morphologically recognizable cells and enriched for several clonogenic progenitors, such as day-8 CFU-S, CFU-C, and mast cell precursor^.'^ The high percentage of cells expressing HDC mRNA in response to A23 187 and the heterogeneity of the Rh-bright population, argued against a unique hematopoietic lineage as source of histamine. To strengthen the assumption that this biological activity is shared by various hematopoietic progenitors, we examined a number of undifferentiated IL-3-dependent cell lines for their capacity to generate histamine in response to calcium ionophore, as compared with mature cell lines that proliferate either spontaneously or in response to other growth factors.
A23187-Induced Histamine Synthesis by IL-3-Dependent Cell Lines
Calcium ionophore promoted a striking histamine production by all IL-3-dependent cell lines tested, whatever the stage of differentiation they were arrested in. It exerted a more pronounced effect on relatively immature BAF/B03, FDCPI, FDCP2, and Ea3 cells, represented in Fig 9. Conversely, the mast cell-committed MC9 line produced lower amounts of histamine and cell lines, such as CTLL2 (IL-2-dependent) or 7TD1 (IL-6-dependent) did not express HDC mRNA in response to calcium ionophore, even when analyzed by RT-PCR (Fig IO) . Histamine is also not produced by spontaneously proliferating cell lines, namely WEHI-3, stimulated with calcium ionophore (data not shown). In contrast to normal hematopoietic progenitors, none of the IL-3-dependent cell lines tested produced consistent amounts of histamine in the presence of IL-3 alone. The growth factor did not significantly enhance the effect of calcium ionophore (Fig 9) . It should be noted that the histamine levels generated by a given cell line were liable to variations in the course of time and according to their origin, but none of the positive cells ever lost this biological activity.
Like normal hematopoietic cells, IL-3-dependent cell lines responded to A23187 by enhanced HDC mRNA expression, as assessed by Northern blot analysis (data not shown) or RT-PCR (Fig IO) . As illustrated by in situ hybridization taking the BAF/B03 cell line as an example (Fig  I I) , a 4-hour exposure to calcium ionophore induced HDC mRNA expression in nearly all cells, whereas no significant labeling occurred in culture medium alone.
DISCUSSION
IL-3 and A23 187 are excellent inducers of histamine production by bone marrow cells. Both factors exert their action by increasing the expression of mRNA encoding histidine decarboxylase, the enzyme responsible for histamine synthesis. The effect of calcium ionophore was not impaired by anti-IL-3 or anti-GM-CSF antibodies, which makes the involvement of these potential histamine inducers unlikely. Conversely, intracellular calcium levels play at least some part in the histamine synthesis promoted by IL-3, because of the significant decrease observed after calcium deprivation.
Although nascent histamine has been demonstrated in a variety of proliferating tissues devoid of mast cells or basophils,'.2h we paid particular attention to the presence of histamine-containing cells among the different bone marrow subsets tested, inasmuch as A23187 is a potent degranulating agent.27 We knew already from our previous studies on IL-3-induced histamine synthesis that mature components of the mast cellhasophil lineage were not present in the bone marrow subset sorted on the basis of low-density and highrhodamine retention (Rh-bright), which was most enriched for histamine-producing cells." Yet, it could still be argued that histamine synthesis represented an early event in mast cell or basophil differentiation, occurring before these cells had acquired the capacity to store the amine. Our present data are not consistent with such an exclusive participation of early mast cellhasophil precursors in A23 187-induced histamine synthesis. Indeed, we established that up to 80% Rh-bright cells are capable of expressing HDC mRNA on stimulation with the calcium ionophore. Given the heterogeneity of this cell population, enriched for all hematopoietic progenitors except early multipotent stem cells (located in the Rh-dull fraction), the high percentage of positive cells implies necessarily the participation of various precursors at different stages of maturation. In the same conditions, only 30% to 40% of these cells hybridize with the HDC probe in response to IL-3. This may be explained either by a smaller target cell population, defined by the expression of growth factor receptors or by the different kinetics of TL-3-induced histamine synthesis, possibly reflecting a differential responsiveness of the cells during the cell cycle.
The finding that all IL-3-dependent cell lines tested, so far, synthesize histamine on exposure to calcium ionophore provides an additional argument in favor of a large participation of hematopoietic progenitors at different stages of maturation in this process, rather than that of a particular lineage. In situ hybridization with the HDC mRNA probe after stimulation with calcium ionophore showed a quite uniform labeling among several cell lines (unpublished data, March 1995). thus ruling out the possibility that only a minor lineagecommitted subset was involved in histamine synthesis. In the same line of evidence, the histamine levels generated by the IL-3-dependent mast cell line MC9 were significantly lower. It is also noteworthy that cell lines that proliferate spontaneously or require other growth factors than IL-3 do not express HDC mRNA in response to calcium ionophore. Furthermore, IL-3-dependent cell lines fail to respond to their growth factor in terms of histamine synthesis, suggesting that they lack some element(s), present in normal hematopoietic progenitors, allowing to transduce the signal for increased histamine synthesis after IL-3R binding.
A role for endogenous histamine during cell proliferation and differentiation has first been proposed by Kahlson and Rosengren' who demonstrated increased histamine synthesis in rapidly proliferating tissues. These investigators established also that the histamine thus generated was not derived from mast cells or basophils. During the past decade, several major findings have lent further support to this hypothesis." With regard to hematopoiesis, several studies provided evidence for the entry of CFU-S into cell cycle on stimulation with exogenous histamine or its H? receptor agonists."' Furthermore, it has been reported that histamine induces proliferation and differentiation of normal granulocytic precursors in vitro,' as well as differentiation of the leukemic cell line HL-60." All these data were consistent with a potential role for histamine during hematopoiesis, provided that sufficient amounts of this mediator became available in the hematopoietic microenvironment. Our own studies have established that this is actually the case following stimulation of hematopoietic progenitors with IL-3, GM-CSF,' or increased calcium influx.
The observation that hematopoietic progenitors themselves are a source of histamine is rather intriguing. Indeed, it is currently believed that normal hematopoietic progenitors are relatively passive elements, under the control of their microenvironment. Yet, our data convey the notion that under certain circumstances (stimulation by IL-3, GM-CSF, or increase in intracellular calcium concentrations), the majority of partially lineage-committed progenitors are capable of producing mediators which will, in tum, influence the differentiation scheme. Thus, the newly synthesized histamine may exert its effect upstream and downstream, participating on the one hand in the entry of CFU-S into cell cycle on stimulation by IL-3 (or GM-CSF + IL-1)'2.'3 and regulating on the other hand late events of granulocyte maturation.' Furthermore, IL-4 and IL-6, produced in association with histamine in response to IL-3") and calcium ionophore (unpublished data, March 1995), may participate at various maturational stages.
The discovery of intracellular histamine receptors (Hie) by Brandes et al" has opened new perspectives to this issue. Indeed, according to these investigators, histamine acts as an intracellular messenger of platelet aggregation",3' via For personal use only. on October 27, 2017. by guest www.bloodjournal.org From '2' '. these new receptors that have been identified in the cytoplasm (low-affinity receptors) and in the nucleus (high-affinity receptors). They have generalized this notion, proposing that histamine could play a similar role in cell proliferation."
Our recent evidence for both histamine synthesis and uptake by hematopoietic progenitors lends further support to such a po~sibility.'~
